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Abstract  30 
 31 
There is mounting evidence to suggest that many species are shifting their ranges in 32 
concordance with the climate velocity of their preferred environmental conditions/habitat. 33 
While accelerated rates in species’ range shifts have been noted in areas of intense warming, 34 
due to climate change, few studies have considered the influence that both spatial temperature 35 
gradients and rates of warming (i.e. the two components of climate velocity) could have on 36 
rates of movement in species habitats. We compared projected shifts in the core habitat of 37 
nine large pelagic fish species (five tuna, two billfish and two shark species) off the east coast 38 
of Australia at different spatial points (centre, leading and trailing edges of the core habitat), 39 
during different seasons (summer and winter), in the near- (2030) and long-term (2070), 40 
using independent species distribution models and habitat suitability models. Model 41 
projections incorporated depth integrated temperature data from 11 climate models with a 42 
focus on the IPCC SRES A2 general emission scenario. Projections showed a number of 43 
consistent patterns: southern (poleward) shifts in all species’ core habitats; trailing edges 44 
shifted faster than leading edges; shifts were faster by 2070 than 2030; and there was little 45 
difference in shifts among species and between seasons. Averaging across all species and 46 
climate models, rates of habitat shifts for 2030 were 45-60 km decade-1 at the trailing edge, 47 
40-45 km decade-1 at the centre, and 20-30 km decade-1 at the leading edge. Habitat shifts for 48 
2070 were 60-70 km decade-1 at the trailing edge, 50-55 km decade-1 at the centre, and 30-40 49 
km decade-1 at the leading edge. It is often assumed that the leading edge of a species range 50 
will shift faster than the trailing edge, but there are few projections or observations in large 51 
pelagic fish to validate this assumption. We found that projected shifts at the trailing edge 52 
were greater than at the centre and leading of core habitats in all large pelagic fish included in 53 
our study. Faster shifts at species trailing edges were due to weaker spatial gradients in 54 
temperature in the north than in the south of the study region, in conjunction with relatively 55 
constant rates of warming across latitudes. Rather than assuming that leading edges will 56 
always move faster, this study suggests that spatial gradients of temperature could be 57 
important in determining differences in shifts at different points in species core habitat.  58 
 59 
Running title: trailing edges speed up for pelagic fishes 60 
 61 
62 
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1. Introduction  63 
 64 
Shifts in species’ ranges have been related to warming in the ocean and on land (Parmesan 65 
2006, Chen et al. 2011a). While directions in which species ranges have shifted (i.e. poleward 66 
in latitude, ascent with altitude or decent with depth) have been explained by increasing water 67 
or air temperatures (Jump et al. 2009), explanations for variation in range shifts both among 68 
species (Parmesan 2006) and across different points in species’ ranges (Zuckerberg et al. 69 
2009) remain elusive. Further elusiveness, in explaining difference in shifts at different points 70 
in a species range, has been generated by the contradictory findings from two recent key 71 
studies (Sunday et al. 2012, Poloczanska et al. 2013). Both studies compared rates of range 72 
shift at trailing and leading edges in a large number of marine ectotherms in different 73 
geographic regions, with one study showing rates of shifts being relatively equal at both 74 
range edges (Sunday et al. 2012) and the other study showing rates at the leading edge of 75 
species ranges being significantly higher than at the trailing edge (Poloczanska et al. 2013). 76 
 77 
There are many potential explanations for the variation observed in range shifts among 78 
species’ and within a species range. These include geographic variation in rates of 79 
temperature change (Chen et al. 2011a), habitat availability due to physical barriers and 80 
discontinuities (Loarie et al, 2009), species interactions (Thomas 2010), difference in species 81 
physiological tolerances (Tewksbury et al. 2008), vital demographic rates (Doak and Morris 82 
2010) and other traits such as dispersal potential and body size (Angert et al. 2011). 83 
Additionally, recent research suggests that geographic variation in climate velocity, which 84 
consists of both spatial temperature gradients and rates of warming, can influence the rate of 85 
range shifts (Loarie et al. 2009, Ackerly et al. 2010, Burrows et al. 2011, Poloczanska et al. 86 
2013).  87 
 88 
Latitudinal range shifts are rarely measured at multiple points (i.e. range boundaries and/or 89 
centres) across species’ ranges (Jump et al. 2009), with few studies comparing shifts at both 90 
leading and trailing range edges (but see Chen et al. 2011b, Sunday et al. 2012). Studies that 91 
have measured range expansion at the leading edge far outweigh those on range retraction at 92 
the trailing edge (Hampe and Petit 2005, Parmesan 2006). Thus, there is mounting evidence 93 
showing cool margins are expanding, but little evidence of warm margins retreating (Hampe 94 
and Petit 2005, Franco et al. 2006).  95 
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 96 
There are several reasons why latitudinal shifts in response to climate change may be greater 97 
at either the trailing or leading edge or centre of a species range. Cases where range edges 98 
have shifted further than the centre have been attributed to greater climatic sensitivity of 99 
individuals living closer to the edge of their range relative to individuals at the centre (La 100 
Sorte and Thompson 2007, Viejo et al. 2011). Alternatively, organisms at the edge of their 101 
range may not shift further than individuals at the centre because those at the edge may be 102 
more adaptable because they are already subject to less stability of their preferred 103 
environmental parameters.  There could also be greater shifts at leading rather than trailing 104 
edges because rates of colonisation may be more rapid than extinctions (Easterling et al. 2000, 105 
Doak and Morris 2010) or species interactions may be more limiting than physical variables 106 
at the trailing edge (Darwin 1859, MacArthur 1972, Davis et al. 1998, Araujo and Luoto 107 
2007). Geographic variation in the rate and spatial gradient of temperature change (i.e. 108 
climate velocity) could also describe differences (or asymmetry) in shifts at different points 109 
across species’ ranges, although this is yet to be investigated.  110 
 111 
Here we project the future distribution of the core habitats of nine pelagic fish species off the 112 
east coast of Australia and measure potential habitat shifts, relative to baseline habitat, at the 113 
centre, trailing and leading edges, in different seasons (summer and winter), and in the near 114 
term (2030) and long term (2070). We focus on large pelagic fish such as tunas, billfishes and 115 
sharks because: (1) of the potentially significant economic and social impacts such future 116 
shifts could have on fisheries; (2) these species have broad distributions that allow us to 117 
explore how varying spatial temperature gradients and rates of temperature change could 118 
affect movement at different points in the distribution of their core habitat, and (3) large 119 
pelagic fish are more likely to be at equilibrium with their preferred oceanographic conditions 120 
because dispersal, microclimates and habitat fragmentation are not as limiting relative to 121 
many other marine species (Robinson et al. 2011). Unlike the other studies that have reported 122 
observed (Dufour et al. 2010) or projected future shifts (Cheung et al. 2009, Hobday 2010, 123 
Lehodey et al. 2010, Bell et al. 2013) in the distribution of large pelagic fish at a single point 124 
in the range (i.e. leading edge or centre) we measure potential shifts in the core habitats of 125 
nine pelagic fish and relate this to the two components of climate velocity – the rate of 126 
temperature change and the spatial gradient.  127 
 128 
 129 
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2.  Methods  130 
 131 
2.1 Study Area 132 
 133 
The study area included waters off the east coast of Australia between 10 to 50˚S and 140 to 134 
175˚E (Fig. 1 a). The north of this region (10-24˚S) is characterised by warm tropical surface 135 
waters and a shallow mixed layer, the mid-region includes the subtropics (24-45˚S) and is 136 
well mixed, and the most southern region (45-50˚S) verges on cooler subantarctic waters 137 
(Condie and Dunn 2006). In our analysis we include the nine most frequently caught species 138 
in the Eastern Tuna and Billfish Fishery (ETBF) because more presence records were 139 
available relative to less frequently caught species. Five of these species were (and continue 140 
to be) targeted by the fishery; albacore tuna Thunnus alalunga, bigeye tuna Thunnus obesus, 141 
yellowfin tuna Thunnus albacares, swordfish Xiphias gladius, striped marlin Tetrapturus 142 
audax. The other four species were caught as byproduct or bycatch; skipjack tuna 143 
Katsuwonus pelamis, southern bluefin tuna Thunnus maccoyii, blue shark Prionace glauca 144 
and mako shark Isurus oxyrinchus. 145 
  146 
2.2 Model Fitting  147 
To assess potential habitat shifts in each of the nine species, we used two independent models 148 
of species distributions, which we refer to as species distribution models (SDMs) and habitat 149 
suitability models (HSMs). Independent models were used because biases exist in all models 150 
and while agreement in predictions between the two independent models provides confidence, 151 
variation provides an estimate of the uncertainty in modelled biological response. The two 152 
models and how they were fit to data are detailed below.  153 
 154 
2.2.1 Species distribution models 155 
 156 
We fit the species distribution model MaxEnt (Phillips et al. 2006) to fisheries catch and 157 
environmental data for each of the nine species. MaxEnt models the environment from a 158 
range of locations across the model region (background) to discriminate against the 159 
environment at locations where species were present. In doing so, the model predicts the 160 
relative suitability of the environment for each species across the study region. The 161 
probability of presence (y=1) given a set of environmental conditions (z) was given by: 162 
 163 
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 165 
Where τ  is the probability of presence at a typical site (the default value of 0.5 was used), 166 
n(z) is the feature selection and weighting derived from the machine learning parameter 167 
estimation, and r is the relative entropy of environmental conditions at presence sites based 168 
on environmental conditions at background sites (for further information and explanation on 169 
MaxEnt see Phillips et al. 2006, Elith et al. 2011). The model output, a conditional 170 
probability of presence, is in essence an index of relative habitat (or environmental) 171 
suitability (Elith et al. 2011). 172 
 173 
We selected linear and quadratic features and maintained the default regularisation parameter 174 
to provide smoother model fits. Smoother model fits are more consistent with projections 175 
from eco-physiological models than complex model functions and therefore more appropriate 176 
for projecting species distributions under future climate change (Elith et al. 2010).  177 
 178 
2.2.1.1 Data for Species Distribution Models 179 
 180 
ETBF logbook data were used as species presence records in MaxEnt models. Catch data 181 
recorded by fishermen include date, location (longitude and latitude coordinates) and species 182 
name. Ten years of catch data (December 1998- Feb 2008) were divided into summer 183 
(December, January, February) and winter (June, July, August) time periods. These seasonal 184 
divisions were made because seasonal differences in the geographic position of species 185 
habitats in conjunction with greater rates of warming could result in difference in habitat 186 
shifts in different seasons.  187 
 188 
The spatial scale of sampling was defined by the size of the gear (i.e. longline sets) used in 189 
the fishery. A single longline set can extend up to 50 km, but catch data were recorded in 190 
logbooks at 0.1˚ resolution. Hence we assumed the spatial scale of sampling was ~50 km and 191 
data we aggregated to a 0.5˚ grid cell resolution. Over the time period that log-book data were 192 
collected longlines in the ETBF were set shallower than 200 m depth 80% of the time 193 
(Campbell and Young 2010). We therefore restricted our models to the upper portion of the 194 
water column (≤ 200 m).  195 
 196 
To model species habitats using MaxEnt environmental data, in addition to species presence 197 
records, were required. Depth of the seafloor (i.e. bathymetry) and temperature were used to 198 
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model the distribution of each species over an average summer and winter season. 199 
Bathymetry data had grid cells that were 0.083˚ x 0.083˚ in resolution and were acquired 200 
from the National Geographical Data Centre TerrainBase Global DTM Version 1.0 and. Sea 201 
surface temperature (SST) measurements were from 3-day composite surface temperature 202 
images derived from the National Oceanic and Atmospheric Administration (NOAA) 203 
Advanced Very High Resolution Radiometer (AVHRR) Local Area Coverage (LAC). These 204 
data were received and processed in Australia by the Commonwealth Scientific and Industrial 205 
Research Organisation (CSIRO). Temperature at 50 m, 100 m and 200 m were from the 206 
SynTS model (Ridgeway et al. 2002) based on the CSIRO’s Atlas of Regional Seas 207 
(www.cmar.csiro.au/cars). Ten years of temperature data were extracted (December 1998 and 208 
February 2008) and averaged for each season (summer and winter). Data was interpolated to 209 
0.5˚ x 0.5˚ grid size. Due to temperatures being highly correlated (at all depths), data were 210 
integrated across depths. This was done by multiplying temperatures (at each depth) by the 211 
relative time a species spent at that depth. Relative time at depth estimates were derived from 212 
electronic tagging studies (Table 1). The depth integrated temperature variable Tsij, which was 213 
unique to each species s at each grid cell (i,j), was represented as: 214 
 215 
sij d dij
d
T w t=∑  with 1d
d
w =∑       (2) 216 
 217 
where wd is a weight that is proportional to the frequency of time at depth d (after Hobday & 218 
Hartmann, 2006) and dijt  is the temperature data at depth d for cell (i,j).  219 
2.2.2 Habitat suitability models 220 
Model fitting in habitat suitability models (HSMs) differed to the fitting procedure for species 221 
distribution models (SDMs) because species response functions were derived from different 222 
methods and data sources. In HSMs, response functions were primarily parameterised using 223 
published data from electronic tagging studies.  224 
 225 
Various temperature response models have been used in previous studies to predict the 226 
suitable habitat of pelagic animals. For example, a normally distributed response curve was 227 
assumed by Lehodey et al. (2008), a triangular-shaped response curve by Cheung et al. 228 
(2009), and a trapezal shaped response by Kaschner et al. (2006). The shape of temperature 229 
response curves will vary depending on whether a species is more tropical or temperate. 230 
Temperatures most commonly experienced by fish species  in the tropics are closer to the 231 
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maximum than the minimum of their thermal limits, while those inhabiting subtropical to 232 
temperate environments may commonly experience temperatures closer to the centre between  233 
their maximum and minimum thermal limits (Tewksbury et al. 2008, Sunday et al. 2011). We 234 
used a model that could fit normal and highly skewed responses. Originally developed to fit 235 
the general beta-shaped response of changes in fitness in relation to temperature (Wang and 236 
Engle 1998), we apply this model to fit temperature responses in large pelagic fish. 237 
Temperature suitability TSsij for species s at grid cell (i,j) was defined as:  238 
 239 
2
 
2
2( _ min )  ( _ opt _ min ) ( – _ min )
, _ min  _ max
( _ opt _ min )
0,    _ min   _ max
sij s s s sij s
s dij s
sij s s
dij s ij s
t t t t t t
t t t
TS t t
t t or t t
α α α
α
⎧ − − − ≤ ≤⎪= −⎨⎪ < >⎩
240 
         (3) 241 
 242 
The model includes a temperature optimum _ st opt , minimum _ st min  and maximum 243 
_ st max  that was specific to species s and a shape parameter α  defined in Equation (4). The 244 
shape of the temperature suitability (α ) curve varies according to the optimum ( _ st opt ) and 245 
temperature range ( _ _ ) s st max t min− . 246 
 247 
_ _ 2 / ln[ ]
_
s s
opt s s
t max t minln
t t min
α −= −    (4) 248 
We assumed the same depth response curve for all species given bathymetry influences the 249 
distribution of all large pelagic fish (Andrade 2003). Given we were interested in the 250 
distribution of larger individuals in offshore habitats where there is fishing we assumed a 251 
rapid transition from less suitability shelf habitat through the more suitable shelf break (~200 252 
m sea floor depth) to the offshore habitat (>200 m). Hence, a logistic sigmoid shaped 253 
response was used to express bathymetry suitability (BSij):  254 
0.01 ( 200)
1
1  ijij bat
BS
e− −
= +    (5) 255 
where batij is bathymetry at grid cell (i,j). 256 
 257 
Temperature suitability (TSsij) and bathymetry suitability (BSij) were combined in an sijHSM , 258 
where values were calculated for each species s at grid cell (i,j) as: 259 
 260 
 0 1sij sij sijHSM TTS BS≤ = × ≤   (6) 261 
Similar to the SDMs, the distribution of habitat suitability is projected into geographic space 262 
to map and measure projected changes in species habitats.  263 
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 264 
2.2.2.1 Data for Habitat Suitability Models 265 
 266 
Data from electronic tagging studies are widely used to describe and model the habitat of 267 
large pelagic fish and are valued as an independent and alternative source to fisheries catch 268 
data (Nielsen et al. 2009). We estimated the temperature minimums, optimums and 269 
maximums of all large pelagic fish species from temperature frequency histograms published 270 
in electronic tagging studies, with the exception of southern bluefin tuna where we used 271 
expert opinion (Table 1). Temperature optimums were based on the highest frequency binned 272 
interval (e.g. an optimum from 22-26°C would be 24°C) and maximum and minimum values 273 
were taken from the lowest minimum bin and highest maximum bin. Where possible, tagging 274 
studies conducted closest to the study region (i.e. South West Pacific Ocean) were selected 275 
(Table 1).  276 
 277 
2. 3 Projecting species baseline and future core habitats  278 
 279 
The same environmental variables (i.e. temperature and bathymetry) used in model fitting 280 
were required to project baseline and future habitat distributions. Bathymetry remains 281 
unchanged, but temperature data were extracted from 11 global climate models (GCMs) at 282 
the sea surface, 50 m, 100 m and 200 m for summer and winter over the ten-year baseline 283 
(1990-1999), and future for 2030 (2025-2035) and 2070 (2065-2075) periods. For future time 284 
periods, temperature data from both medium (A1B) and high (A2) Global Emission 285 
Scenarios were assessed. GCMs used in our analysis were archived by the Third Coupled 286 
Model Intercomparison Project (CMIP3-http://www-pcmdi.llnl.gov/ipcc/about_ipcc.php) that 287 
contributed to the Intergovernmental Panel on Climate Change Fourth Assessment Report 288 
(IPCC AR4). A total of 23 GCMs were available, but only 16 of these had the temperature-at-289 
depth data required for our analysis. A further four models were eliminated because model 290 
data were either not available for A1B and A2 scenarios or grid cells sizes were considered 291 
too large to be useful for our regional analysis (i.e. greater than 2° degrees in latitude and/or 292 
longitude). One other model (‘PCM’) was eliminated because it showed negative temperature 293 
changes (i.e. cooling) at the equator that was considerably different to all other climate model 294 
projections for the two future time periods. This resulted in 11 models that were suitable for 295 
our analysis.  296 
 297 
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Temperature data were averaged across summer and winter for past and future time periods 298 
and we performed the same depth integration that was applied to temperature data during 299 
model fitting. In doing this, we assumed species would maintain their historical depth 300 
preferences as shifts in depth have been relatively small in relation to latitudinal shifts (Nye 301 
et al. 2009, Perry et al. 2005, Dulvy et al. 2008). 302 
 303 
Using temperature data from GCMs and the existing bathymetry data, species habitats were 304 
projected in baseline and future time periods. The top 30% of habitat suitabilities from SDMs 305 
and HSMs were selected to represent species core habitats (see Fig. 1 a). The decision to 306 
select the top 30% of suitability values resulted in edges of species core habitats that were 307 
inside the study region for all SDM and most HSM baseline and future habitat projections. 308 
Core habitats of yellowfin tuna, albacore tuna, bigeye tuna and swordfish could not be 309 
measured because their baseline core habitats were not entirely inside the study area (see SI 310 
1). 311 
 312 
2.4 Calculating shifts in species core habitat 313 
 314 
Shifts in species core habitat in summer and winter for both SDM and HSM projections were 315 
estimated by subtracting the latitudinal weighted centre and median habitat edges of species 316 
projected future habitats in 2030 and 2070 from the 20th century baseline for all of the 11 317 
climate models in both emission scenarios (see centre, leading and trailing edge points for a 318 
single species and climate model in Fig. 1 a). However, shifts under the moderate (A1B) and 319 
high (A2) emission scenarios were so similar that we focused on A2 projections (A1B 320 
projections can be found in SI 2). We also note that low (B1) and mid (A1B) Global 321 
Emission Scenarios may be less realistic when assessing future impacts of climate change as 322 
recent research shows changes in the climate are tracking above the high (A2) emission 323 
scenario projections (Rahmstorf et al. 2007, Anderson and Bows 2008).  324 
 325 
The latitudinal centre of the projected baseline and future habitat were calculated for each 326 
species and climate model as a weighted centre (C) for baseline and future distributions using 327 
the following equation  328 
 329 
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 331 
where iO  is the number of grid cells occupied, iR  are the total number of grid cells, and iL  is 332 
the latitude for i,...n latitudes within the habitat. The difference in latitude between weighted 333 
centres during the baseline and future time periods were calculated for each of the 11 climate 334 
models.  335 
 336 
Latitudinal edges of species’ core projected baseline and future habitats were based on the 337 
median latitude across all longitudes (see Fig. 1 a, b). Baseline latitudes were subtracted from 338 
projected future latitudes at the centre, leading and trailing edge of species habitats. All 339 
latitudinal shifts were converted to a distance in kilometres. This process was repeated for 340 
each SDM and HSM projection for each species using the eleven climate models. Mean 341 
distances shifted (±1 SD) were compared between HSMs and SDMs in summer and winter in 342 
the 2030 and 2070 period for the A2 emission scenarios. 343 
 344 
2.5 Relating shifts in core habitat centres and edges to difference in rates of temperature 345 
change and latitudinal temperature gradients 346 
 347 
To examine which key component of climate velocity (i.e. the rate of temperature change or 348 
latitudinal temperature gradients) might best explain differences in projected rates of habitat 349 
shifts at species core habitat centres and edges, we initially plotted the mean longitudinal 350 
difference in the rate of temperature change (in 2030 and 2070) and latitudinal temperature 351 
gradients for each latitudes in the study region at different depths and in different seasons 352 
(See SI 3).  353 
 354 
After examining general trends in rates of temperature change (in 2030 and 2070) and 355 
latitudinal temperature gradients across all latitudes in the study region at different depths in 356 
summer and winter we examined the strength of the linear relationships (using Pearson 357 
correlation coefficients) between mean rates of species depth integrated temperature change 358 
and latitudinal temperature gradients with the mean distance that their habitat edges and 359 
centroids were projected to shift.  360 
  361 
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Mean rates of temperature change were calculated, in regions where the leading and trailing 362 
edge and centre of species core habitats were projected to shift, by subtracting the projected 363 
species specific depth integrated temperature in 2030 and 2070 from the 20th century baseline 364 
for each of the 11 GCMs under the A2 scenario (e.g. Fig. 1 b). The latitudinal gradient of 365 
temperature change were also calculated in regions where species leading and trailing core 366 
habitat edges and centres were projected to shift for each baseline GCM by subtracting depth 367 
integrated temperatures at each latitude from the latitude directly north. Mean rate of 368 
temperature change and latitudinal temperature gradient were averaged across climate models. 369 
Correlations with projected distances shifted were grouped across HSMs and SDMs.  370 
 371 
 372 
3. Results  373 
 374 
3.1 Projected shifts in species habitats 375 
 376 
Trailing edges of the core habitats of all large pelagic fish species were consistently projected 377 
to shift further than leading edges and centres in both 2030 and 2070 (Fig. 2 a-f). Across all 378 
species and seasons, SDMs projected a mean shift at the trailing habitat edge of 220 km by 379 
2030 and 550 km by 2070 (Fig. 2 b). At the leading edge SDMs projected on average that 380 
species habitats shifted 80 km by 2030 and 215 km by 2070 (Fig. 2 f). HSMs also projected 381 
greater shifts at the trailing edge than the leading edge, but this difference was less 382 
pronounced than SDM projections, with mean trailing edge shifts of 160 km by 2030 and 460 383 
km by 2070 (Fig. 2 a) and mean leading edge shift of 120 km by 2030 and 200 km by 2070 384 
(Fig. 2 e). In both SDMs and HSMs, projected shifts at the centre of species core habitats 385 
were less than shifts at the trailing edge, but greater than shifts at the leading edge. HSMs 386 
project species shifts of 140 km by 2030 and 370 km by 2070 and SDMs project shifts of 160 387 
km by 2030 and 400 km by 2070. Deviations around mean projected shifts were relatively 388 
large at the trailing edge and centre of SDM projections for albacore tuna and bigeye tuna 389 
(Fig. 2 b) and at the leading edge of bigeye tuna HSM projections (Fig. 2 e). 390 
 391 
Both HSMs and SDMs projected little difference between shifts in the summer and winter 392 
seasons (averaging across all models, time periods and different points in the projected 393 
habitat there was 11% difference see SI 4 for further details). On average, shifts in summer 394 
were greater than in winter (see Fig. 2 a-f or SI 4) and there were slightly larger differences 395 
(between seasons) at the trailing edge than the leading edge and centre of projected habitat 396 
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shifts (see Fig. 2 a-f or SI 4). Seasonal differences were also more pronounced in 2070 than 397 
2030 (see Fig. 2 a-f or SI 4). SDMs generally projected less difference between seasons at the 398 
leading edge of species habitats relative to the centre and trailing edge, with the exception of 399 
skipjack tuna and striped marlin that both shifted slightly further in summer than winter in 400 
2030 and 2070. HSMs projected that most species shifted slightly further in winter than 401 
summer at their leading edge, except for yellowfin tuna and striped marlin that shifted 402 
slightly further in summer than winter.  403 
 404 
Generally, there was little difference in projected habitat shifts among species, but subtle 405 
differences were apparent at the leading edge in HSMs (Fig. 2 e) and the trailing edge of 406 
SDMs (Fig. 2 f). At the leading edge, HSMs showed albacore tuna shifted slightly less, and 407 
yellowfin tuna, skipjack tuna and bigeye tuna all shifted slightly further than other species in 408 
both future time periods (Fig. 2 e). Trailing edge shifts projected by SDMs show blue shark, 409 
skipjack tuna, swordfish and striped marlin shifted less than mako shark, yellowfin tuna, 410 
albacore tuna and bigeye tuna.  411 
 412 
In converting projected distances shifted to decadal rates of habitat shifts, rates were higher in 413 
2070 than 2030. SDMs projected average trailing edge rates of 60 km decade-1 in 2030 and 414 
70 km decade-1 in 2070, centre shift rates of 45 km decade-1 in 2030 and 55 km decade-1 in 415 
2070, and leading edge shifts of 20 km decade-1 in 2030 and 30 km decade-1 in 2070. In 416 
HSMs trailing edge rates were 45 km decade-1 in 2030 and 60 km decade-1 in 2070, centre 417 
shift rates of 40 km decade-1 in 2030 and 50 km decade-1 in 2070, and leading edge shifts of 418 
30 km decade-1 in 2030 and 40 km decade-1 in 2070. 419 
 420 
3. 2 Projected habitat shifts in relation to rates of temperature change and latitudinal 421 
temperature gradients  422 
 423 
In 2030 and 2070, rates of depth integrated temperature change were, on average, projected 424 
to be relatively constant across regions that coincided with the centre and edges of species 425 
habitats (Fig. 3 a, b), while mean latitudinal temperature gradients were weaker in regions 426 
where species trailing habitat edges were shifting relative to regions where their centre and 427 
leading habitat edges were shifting (Fig. 3 c, d)  428 
 429 
The relationship between the rate of temperature change at the leading edge, trailing edge and 430 
centre of species habitats and the mean distance shifted at these points was weak and positive 431 
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in 2030 (r=0.16) (Fig. 3 a) and 2070 (r=0.18) (Fig. 3 b). By contrast, there was a strong 432 
negative relationship between the latitudinal temperature gradients and the distance species 433 
shifted (at all points in their habitat) in both 2030 (r=-0.73) (Fig. 3 c) and 2070 (r=-0.74) (Fig. 434 
3 d). 435 
 436 
 437 
4. Discussion  438 
Based on eleven climate models, two independent biological models, and two future emission 439 
scenarios, we found that projected shifts at the trailing edge were greater than shifts at the 440 
leading edge and centres of the core habitats of nine large pelagic fish species off the east 441 
coast of Australia. These difference were a product of difference in climate velocity (Loarie 442 
et al. 2009; Burrows et al. 2011), but upon examining the two major components of climate 443 
velocity in more detail (i.e. the numerator of rates of temperature change and the denominator 444 
of temperature gradients) it was evident that differences in habitat shifts at different points in 445 
species’ core habitats were primarily explained by temperature gradients. There were 446 
relatively flat latitudinal temperature gradients in the north of the study region (that coincide 447 
with species’ trailing edges) relative to the steep latitudinal temperature gradients in the south 448 
(that coincide with species’ leading edges) and the rates of warming were similar in the north 449 
and south. Higher climate velocities (due to weaker spatial gradients) closer to the equator 450 
than the poles in the pelagic zone (i.e. >200 m sea floor depth) off the east coast of Australia 451 
is consistent with what has been found previously from a global analysis (Burrows et al. 452 
2011). However if the study region is broken into inshore and offshore zones, then the 453 
inshore zone (where the EAC is a dominant oceanographic feature) shows high climate 454 
velocities in southern latitudes relative to those offshore (Burrow et al 2011). These high 455 
climate velocities in the more southern latitudes of the inshore zone (off the east coast of 456 
Australia) can be explained by intense rates of warming in waters off southeast Australia 457 
relative to the equivalent southern latitudes that are further offshore (Hobday and Lough, 458 
2007). Within the study area, the inshore region was less influential on our model projections 459 
than the offshore region because the suitability of habitat for all fish species was higher 460 
offshore than inshore. Consequently offshore rather than inshore trends in latitudinal 461 
temperature gradients and rates of warming were more influential on projected habitat shifts.   462 
Distinguishing geographic differences in climate velocities and the processes driving these 463 
difference (i.e. rates of warming or spatial temperature gradients), such as those present off 464 
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the east coast of Australia, are critical in reframing expectations of how species habitats and 465 
ranges could potentially respond to warming seas under climate change. Prior to Burrows et 466 
al. (2011) and Poloczanska (2013) evidence from the majority of studies suggested that 467 
accelerated rates in temperature change alone were the primary force behind difference in 468 
range shifts among species (Chen et al. 2011a) and different points in species ranges (Chen et 469 
al. 2011b). This evidence along with other theories and observations that support a greater 470 
sensitivity of species leading range edges to climatic change (Darwin 1859, MacArthur 1972, 471 
Davis et al. 1998, Easterling et al. 2000, Araujo and Luoto 2007, Doak and Morris 2010, 472 
Monk 2013) has led to some general views that species ranges will shift at greater rates in 473 
areas of intense warming and range shifts will be more evident at leading, rather than trailing, 474 
ranges edges. According to one study that compared leading and trailing edge range shifts in 475 
demersal and pelagic fish (originally taken from Nye et al. 2009), a slightly higher proportion 476 
of species (7/27) exhibited trailing edge contractions than leading edge expansions (5/27) 477 
(Sunday et al. 2012). While another study that compared observed shifts in trailing and 478 
leading range edges of bony fish found high rates of movement at the leading edge, but there 479 
were no trailing range edge shifts (for the taxa considered) for comparison (Poloczanska et al. 480 
2013). While greater leading edge shifts in marine fish may be valid in some cases, it is 481 
important to not discount the additional influence of spatial temperature gradients and climate 482 
velocities on different rates of range shift as few studies have explored this (Loarie et al. 2009, 483 
Burrows et al. 2011, Poloczanska et al. 2013). It is also important to note that (so far) 484 
comparisons between trailing and leading range edge shifts in marine species have been at 485 
relatively broad taxonomic levels (i.e. bony fish or demersal and pelagic fishes)  and our 486 
study is the first to relate elements of climate velocity to projected  shifts at different points in 487 
species’ core habitats . Additionally, both studies that have considered range shifts in marine 488 
species in relation to climate velocities (i.e. Burrows et al. 2011 and Poloczanska et al. 2013) 489 
considered changes in climate velocities at the sea surface in relation to range shifts, but not 490 
at depth. Changes in the velocity of climate change in the subsurface may be more pertinent 491 
to large pelagic fishes because they move relatively freely across a range of depths in the 492 
water column depending on their depth preferences (Young et al. 2010). Hence we 493 
considered how changes in spatial temperature gradients and rates of warming at different 494 
depth could influence projected latitudinal range shifts by including temperature at depth data 495 
down to 200m. 496 
 497 
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4.1 Realism and accuracy of model projections  498 
We examined only the influence of temperature at depth and bathymetry on shifts in the core 499 
habitat of large pelagic fish under climate change, to emphasise the potential importance of 500 
climate velocity and latitudinal temperature gradients in particular. Other factors that were 501 
not explicit in our models, but could be influential on the future distributions of these fish 502 
include physical variables such as oxygen concentration and biological factors such as prey 503 
availability and difference in rates of population processes (i.e. colonisation and extinction) 504 
all of which could result in deviations from projections of future habitat shifts made here.  505 
Oxygen is a critically limiting factor in large pelagic fish because of its direct effect on 506 
physiology (Korsmeyer and Dewar 2001). This variable was not included in our models 507 
because it is not currently limiting within the depths of our analysis (i.e. upper 200m of the 508 
water column) and it is highly correlated with temperature – hence its inclusion did not add 509 
further explanatory power. However, under future climate change increases in ocean 510 
stratification at the equator could reduce oxygen concentration in the upper water column 511 
(Stramma et al. 2012). If this occurred, shifts at the trailing edge of species habitats could be 512 
further accelerated in those species that are less tolerant of oxygen-limiting conditions such 513 
as yellowfin tuna, skipjack tuna, and striped marlin relative to the deeper dwelling species 514 
with a high tolerance for oxygen limitation such as bigeye tuna, albacore tuna and swordfish 515 
(Korsmeyer and Dewar 2001). Additionally, our analysis did not extend beyond depths of 516 
200 m because this is generally the limit of where a majority of catch data (that our models 517 
were based on) was recorded. In limiting our analysis to 200 m we may have generated less 518 
accurate projections of the deeper dwelling species, such as albacore tuna, bigeye tuna and 519 
swordfish.  520 
Prey availability is another important factor influencing the distribution of apex marine 521 
predators (Maury 2010). The prey of large pelagic fish are mostly composed of smaller fish 522 
species, crustaceans and squid, all of which are true ectotherms that are more affected by 523 
ambient water temperature than their predators (Robinson et al. 2011). Thus the distribution 524 
of large pelagic fish, that are also generally effective at thermoregulation, may be more 525 
confined by the indirect effect of temperature on their prey rather than its direct effect on 526 
their physiology (Robinson et al. 2011, Durfour et al. 2010). However, temperature tolerance 527 
differs among mid-trophic level species as do the dietary preferences of large pelagic fish 528 
(Young et al. 2010). Our models explicitly describe the distribution of species’ suitable 529 
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habitat, but through the correlations made between the environmental data and presence 530 
records they may also implicitly include the influence of prey. Hence, if large pelagic fish do 531 
not maintain their preferred prey in the future, difference in future range shifts among prey 532 
species could results in differences to the range shifts projected here. 533 
Population processes have also been found to explain greater shifts at species leading range 534 
edges relative to their trailing range edges. Faster rates of colonisation relative to extinction 535 
(Hampe 2005) and; demographic compensation may allow individuals at the trailing edge to 536 
persist despite changes in their preferred habitat or climatic conditions (Doak and Morris 537 
2010). Both or either of these processes may occur in the species modelled here and this may 538 
results in some deviation from shifts projected here. 539 
Other studies that have projected and reported observed poleward shifts in the distribution of 540 
large pelagic fish support the poleward direction of shifts present in our model projections. 541 
Projections in the distribution of large pelagic fish from a previous study off the east coast of 542 
Australia that were based on temperature alone and used only part of the data used here, but 543 
with more simplistic models, showed poleward movement in species ranges by 2100 544 
(Hobday 2010). Independent process driven model projections of the distribution of both 545 
bigeye tuna (Lehodey et al. 2010) and skipjack tuna (Bell et al. 2013) by 2100 also showed 546 
poleward shifts from the tropics to the subtropics in the west Pacific as well as shifts from the 547 
western tropical Pacific to the eastern Tropical Pacific. Additionally, an observed poleward 548 
shift in the distribution of albacore tuna between the 1966 and 2006 was related to the 549 
poleward shifts in the preferred temperature of this species over this time (Durfour et al. 550 
2010). None of these studies measured and compared shifts across the ranges (habitats) of 551 
large pelagic fish species and consequently they were unable to explore the potential varying 552 
importance of climate velocity at different points across species ranges or habitats.   553 
 554 
4. 2 Little difference in habitat shifts among species and seasons 555 
 556 
There was little difference in projected habitat shifts among species in our study, but this can 557 
be attributed to species occupying similar latitudes within the study region and therefore 558 
experiencing similar rates and latitudinal gradients of temperature change. There was also 559 
little difference in the distances that species habitats were projected to shift in summer and 560 
winter. Given, other studies have found large pelagic fish fluctuate in response to seasonal 561 
changes in oceanographic conditions (Lehodey et al. 2006, Reygondeau et al. 2012) and 562 
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historically warming off the east coast of Australia has been greater in winter than summer 563 
(Lough 2008) we expected that species habitats may have shifted further in winter than 564 
summer. However, future projections in temperature change showed little variation between 565 
seasons except in the lower latitudes at the surface where rates of warming in summer were 566 
slightly higher than those projected in winter. Consequently projected habitat shift at the 567 
trailing edge and centre were on average greater than shifts projected at the leading edge. The 568 
absence of a greater rate of ocean warming in winter than summer in future projections is 569 
likely  due to the inclusion of offshore waters as the increase in water temperatures observed 570 
historically in the study area has been primarily driven by a strengthening of the (inshore) 571 
EAC (Ridgway 2007). Another explanation for minimal variation in the seasonal variation in 572 
projected temperature change and consequential habitat shifts may be that seasonal variation 573 
is not (on average) well resolved in the GCMs used (Stock et al 2011).  574 
 575 
Seasonal variation in species temperature preferences were not addressed in our study 576 
because data were generally unavailable, but preferences may vary during different seasons 577 
(but see Evans et al. 2008, Patterson et al. 2008), life-history stages (e.g. during spawning in 578 
particular), development (e.g. recruitment) and during migratory vs. non-migratory phases.  If 579 
this information becomes available it could be used in simple habitat suitability models or 580 
more complex population models to explore how potential habitat or range shifts may vary 581 
during these different times and/or events (Portner and Farrell 2008, Righton et al. 2010).  582 
 583 
4.3 Climate and distribution model uncertainty and model biases 584 
 585 
Projected habitat shifts varied between both species distributions (HSMs and SDMs) and 586 
climate models, but there was greater consensus in habitat shift projections between HSMs 587 
and SDMs than among climate models. Considerable variation in projected habitat shifts 588 
depending on climate model variation was consistent with findings in other studies (Buisson 589 
et al. 2010). On the other hand, greater consensus in projected changes among different 590 
models of species distributions, relative to different climate models, is not consistent with 591 
other studies that have either quantified relative contributions of variation (Buisson et al. 592 
2010) or noted the difference without strict quantification (Thuiller, 2004; Araujo et al., 593 
2006). A point of difference in our study, is that only two models of species distributions 594 
were used, relative to four models used by Araujo et al (2006) and Thullier et al (2004) and 595 
seven different statistical SDMs used by Buisson et al (2010). Additionally, a relatively large 596 
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number of climate models (i.e. 11) were used in our analysis relative to two GCMS used by 597 
Araujo et al (2006) and Thullier et al (2004) and three GCMs used by Buisson et al (2010). 598 
Thus, greater variation among species distribution modelling approaches may have emerged 599 
in our study if a larger number and/or wider habitat of SDMs or HSMs had been used. 600 
However, our results show relatively good agreement between projections based on the SDM 601 
and HSM approaches. This provides some confidence in the robustness of these two models. 602 
Variation among different GCMs is currently large, but future research efforts to reduce this 603 
uncertainty will also reduce uncertainty in multi-model ensemble habitat shifts projections 604 
(Stock et al. 2011). 605 
 606 
Model biases, like uncertainty, are ideally identified and reduced where possible. In our 607 
study, we project habitat shifts across a large portion of our study species’ habitats, but we 608 
did not include their whole habitat. In using data from a large portion of the habitat, but not 609 
the whole habitat, the environmental range (or niche) of the species may have been restricted, 610 
thereby introducing environmental bias (Thuiller et al. 2004). We chose not to include data 611 
across the whole habitat as this would have involved compiling data from multiple sources 612 
(for the one species) which complicates model construction (Newbold 2010) and we were 613 
specifically interested in how habitats shifts off the east coast of Australia could affect the 614 
Australian fishery (ETBF) that targets these species. Thus, biases in both SDMs and HSMs, 615 
may have affected habitat shift projections, but in the absence of unbiased data we could not 616 
accurately quantify and correct the true level of bias and therefore both models were used to 617 
explore possible variation in habitat shift projections. When model comparisons cannot 618 
conclude that one approach is superior to the other, in terms of biases and/or uncertainty, 619 
multi-model approaches are generally advocated by several studies (Buisson et al. 2010, 620 
Jones et al. 2012). Thus while acknowledging model limitations, consensus between SDMs 621 
and HSMS provide confidence in our projections.  622 
5. Conclusion 623 
 624 
Weaker latitudinal temperature gradients in conjunction with future warming could push the 625 
trailing edges of species habitats and consequently their ranges away from the equator at a 626 
greater rate than stronger gradients at leading edges. If these projections are realised in the 627 
future, it will have commercial and social implications for Australia’s Eastern Tuna and 628 
Billfish Fishery and other fisheries based in the tropics as fish in this region will be shifting 629 
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south at a greater rate than previously anticipated (Cheng et al. 2009; Hobday, 2010). Our 630 
finding adds support to existing concerns on the potential negative economic and social 631 
impact of climate change on fisheries in lower latitude tropical maritime countries (Allison et 632 
al. 2009, Sumaila et al. 2011, Bell et al. 2013). We call on researchers to focus on the trailing 633 
edges of species habitats and/or ranges, especially when they occur in lower latitude regions, 634 
and emphasise the need for monitoring and modelling of the impacts of climate change across 635 
all parts of a species range.  636 
 637 
Acknowledgements  638 
 639 
Catch data from the ETBF was supplied by AFMA and extraction of this data was assisted by 640 
Scott Cooper. David Griffith supplied the SynTS data and helpful advice was received from 641 
Paul Durack and Les Muir regarding GCM data. Discussions with Scott Foster on methods 642 
and comments on draft manuscripts from Chris Brown improved the quality of this work. 643 
This research is supported in part by a CSIRO Climate Adaptation Flagship scholarship and 644 
by the Australian Research Grants DP0879365 and FT099164. We appreciate the comments 645 
of two anonymous reviewers that improved the clarity of this contribution. 646 
 647 
References 648 
 649 
Ackerly, D. D., S. R. Loarie, W. K. Cornwell, S. B. Weiss, H. Hamilton, R. Branciforte, and 650 
N. J. B. Kraft. 2010. The geography of climate change: implications for conservation 651 
biogeography. Diversity and Distributions 16:476-487. 652 
Allison, E. H., A. L. Perry, M. C. Badjeck, W. N. Adger, K. Brown, D. Conway, A. S. Halls, 653 
G. M. Pilling, J. D. Reynolds, N. L. Andrew, and N. K. Dulvy. 2009. Vulnerability of 654 
national economies to the impacts of climate change on fisheries. Fish and Fisheries 655 
10:173-196. 656 
Anderson, K. and A. Bows. 2008. Reframing the climate change challenge in light of post-657 
2000 emission trends. Philosophical Transactions of the Royal Society a-658 
Mathematical Physical and Engineering Sciences 366:3863-3882. 659 
Andrade, H. A. 2003. The relationship between the skipjack tuna (Katsuwonus pelamis) 660 
fishery and seasonal temperature variability in the south-western Atlantic. Fisheries 661 
Oceanography 12:10-18. 662 
Angert, A. L., L. G. Crozier, L. J. Rissler, S. E. Gilman, J. J. Tewksbury, and A. J. Chunco. 663 
2011. Do species' traits predict recent shifts at expanding range edges? Ecology 664 
Letters 14:677-689. 665 
Araujo, M. B. and M. Luoto. 2007. The importance of biotic interactions for modelling 666 
species distributions under climate change. Global Ecology and Biogeography 667 
16:743-753. 668 
Bell, J. D., A. Ganachaud, P. C. Gehrke, S. P. Griffiths, A. J. Hobday, O. Hoegh-Guldberg, J. 669 
E. Johnson, R. Le Borgne, P. Lehodey, J. M. Lough, R. J. Matear, T. D. Pickering, M. 670 
S. Pratchett, A. Sen Gupta, I. Senina, and M. Waycott. 2013. Mixed responses of 671 
21 
 
tropical Pacific fisheries and aquaculture to climate change. Nature Climate Change 672 
3:591-599. 673 
Buisson, L., W. Thuiller, N. Casajus, S. Lek, and G. Grenouillet. 2010. Uncertainty in 674 
ensemble forecasting of species distribution. Global Change Biology 16:1145-1157. 675 
Burrows, M. T., D. S. Schoeman, L. B. Buckley, P. Moore, E. S. Poloczanska, K. M. Brander, 676 
C. Brown, J. F. Bruno, C. M. Duarte, B. S. Halpern, J. Holding, C. V. Kappel, W. 677 
Kiessling, M. I. O'Connor, J. M. Pandolfi, C. Parmesan, F. B. Schwing, W. J. 678 
Sydeman, and A. J. Richardson. 2011. The Pace of Shifting Climate in Marine and 679 
Terrestrial Ecosystems. Science 334:652-655. 680 
Campbell, R. A. and J. Young. 2010. Determination of Effective Longline Effort in the 681 
Eastern Tuna and Billfish Fishery. Final report for project 2005/004, Fisheries 682 
Research and Development Corporation, Canberra. 683 
Chen, I. C., J. K. Hill, R. Ohlemuller, D. B. Roy, and C. D. Thomas. 2011a. Rapid Range 684 
Shifts of Species Associated with High Levels of Climate Warming. Science 685 
333:1024-1026. 686 
Chen, I. C., J. K. Hill, H.-J. Shiu, J. D. Holloway, S. Benedick, V. K. Chey, H. S. Barlow, 687 
and C. D. Thomas. 2011b. Asymmetric boundary shifts of tropical montane 688 
Lepidoptera over four decades of climate warming. Global Ecology and 689 
Biogeography 20:34-45. 690 
Cheung, W. W. L., V. W. Y. Lam, J. L. Sarmiento, K. Kearney, R. Watson, and D. Pauly. 691 
2009. Projecting global marine biodiversity impacts under climate change scenarios. 692 
Fish and Fisheries 10:235-251. 693 
Collette, B. B. and C. E. Nauen. 1983. FAO Species Catalogue. Vol. 2. Scrombrids of the 694 
world. An annotated and illustrated catalogue of tuna, mackrels, bonitos & related 695 
species known to date. 696 
Condie, S. A. and J. R. Dunn. 2006. Seasonal characteristics of the surface mixed layer in the 697 
Australasian region: implications for primary production regimes and biogeography. 698 
Marine and Freshwater Research 57:569-590. 699 
Darwin, C. R. 1859. The origin of the species P.F. Collier & Sons, New York  700 
Davis, A. J., L. S. Jenkinson, J. H. Lawton, B. Shorrocks, and S. Wood. 1998. Making 701 
mistakes when predicting shifts in species range in response to global warming. 702 
Nature 391:783-786. 703 
Doak, D. F. and W. F. Morris. 2010. Demographic compensation and tipping points in 704 
climate-induced range shifts. Nature 467:959-962. 705 
Domokos, R., M. P. Seki, J. J. Polovina, and D. R. Hawn. 2007. Oceanographic investigation 706 
of the American Samoa albacore (Thunnus alalunga) habitat and longline fishing 707 
grounds. Fisheries Oceanography 16:555-572. 708 
Dufour, F., H. Arrizabalaga, X. Irigoien, and J. Santiago. 2010. Climate impacts on albacore 709 
and bluefin tunas migrations phenology and spatial distribution. Progress in 710 
Oceanography 86:283-290. 711 
Dulvy, N. K., S. I. Rogers, S. Jennings, V. Stelzenmuller, S. R. Dye, and H. R. Skjoldal. 2008. 712 
Climate change and deepening of the North Sea fish assemblage: a biotic indicator of 713 
warming seas. Journal of Applied Ecology 45:1029-1039. 714 
Easterling, D. R., G. A. Meehl, C. Parmesan, S. A. Changnon, T. R. Karl, and L. O. Mearns. 715 
2000. Climate extremes: Observations, modeling, and impacts. Science 289:2068-716 
2074. 717 
Elith, J., M. Kearney, and S. J. Phillips. 2010. The art of modelling range-shifting species. 718 
Methods in Ecology and Evolution 1:330-342. 719 
Elith, J., S. J. Phillips, T. Hastie, M. Dudik, Y. E. Chee, and C. J. Yates. 2011. A statistical 720 
explanation of MaxEnt for ecologists. Diversity and Distributions 17:43-57. 721 
22 
 
Evans, K., A. Langley, N. P. Clear, P. Williams, T. Patterson, J. Sibert, J. Hampton, and J. S. 722 
Gunn. 2008. Behaviour and habitat preferences of bigeye tuna (Thunnus obesus) and 723 
their influence on longline fishery catches in the western Coral Sea. Canadian Journal 724 
of Fisheries and Aquatic Sciences 65:2427-2443. 725 
Franco, A. M. A., J. K. Hill, C. Kitschke, Y. C. Collingham, D. B. Roy, R. Fox, B. Huntley, 726 
and C. D. Thomas. 2006. Impacts of climate warming and habitat loss on extinctions 727 
at species' low-latitude range boundaries. Global Change Biology 12:1545-1553. 728 
Hampe, A. 2005. Fecundity limits in Frangula alnus (Rhamnaceae) relict populations at the 729 
species' southern range margin. Oecologia 143:377-386. 730 
Hampe, A. and R. J. Petit. 2005. Conserving biodiversity under climate change: the rear edge 731 
matters. Ecology Letters 8:461-467. 732 
Hobday, A. J, and Hartmann, K. 2006. Near real-time spatial management based on habitat 733 
predictions for a longline bycatch species. Fisheries Management and Ecology, 13: 734 
365–380.  735 
Hobday, A. J. 2010. Ensemble analysis of the future distribution of large pelagic fishes off 736 
Australia. Progress in Oceanography 86:291-301. 737 
Holland, K. N., R. W. Brill, and R. K. C. Chang. 1990. Horizontal and vertical movements of 738 
yellowfin and bigeye tuna associated with fish aggregation devices. Fishery Bulletin 739 
88:493-507. 740 
Jones, M. C., S. R. Dye, J. K. Pinnegar, R. Warren, and W. W. L. Cheung. 2012. Modelling 741 
commercial fish distributions: Prediction and assessment using different approaches. 742 
Ecological Modelling 225:133-145. 743 
Jump, A. S., C. Matyas, and J. Penuelas. 2009. The altitude-for-latitude disparity in the range 744 
retractions of woody species. Trends in Ecology & Evolution 24:694-701. 745 
Kaschner, K., R. Watson, A. W. Trites, and D. Pauly. 2006. Mapping world-wide 746 
distributions of marine mammal species using a relative environmental suitability 747 
(RES) model. Marine Ecology-Progress Series 316:285-310. 748 
Korsmeyer, K. E. and H. Dewar. 2001. Tuna metabolism and energetics. Fish Physiology 749 
19:35-78. 750 
La Sorte, F. A. and F. R. Thompson. 2007. Poleward shifts in winter ranges of North 751 
American birds. Ecology 88:1803-1812. 752 
Lehodey, P., J. Alheit, M. Barange, T. Baumgartner, G. Beaugrand, K. Drinkwater, J. M. 753 
Fromentin, S. R. Hare, G. Ottersen, R. I. Perry, C. Roy, C. D. Van der Lingen, and F. 754 
Werner. 2006. Climate variability, fish, and fisheries. Journal of Climate 19:5009-755 
5030. 756 
Lehodey, P., Senina, I, and Murtugudde, R. 2008. A spatial ecosystem and populations 757 
dynamics model (SEAPODYM) - Modeling of tuna and tuna-like populations. 758 
Progress in Oceanography 78: 304–318. 759 
Lehodey, P., I. Senina, J. Sibert, L. Bopp, B. Calmettes, J. Hampton, and R. Murtugudde. 760 
2010. Preliminary forecasts of Pacific bigeye tuna population trends under the A2 761 
IPCC scenario. Progress in Oceanography 86:302-315. 762 
Loarie, S. R., P. B. Duffy, H. Hamilton, G. P. Asner, C. B. Field, and D. D. Ackerly. 2009. 763 
The velocity of climate change. Nature 462:1052-U1111. 764 
Lough, J. M. 2008. Shifting climate zones for Australia’s tropical marine ecosystems. 765 
Geophysical Research Letters, 35. L14708  766 
MacArthur, R. H. 1972. Geographical Ecology. Harper & Row, New York. 767 
Maury, O. 2010. An overview of APECOSM, a spatialized mass balanced "Apex Predators 768 
ECOSystem Model" to study physiologically structured tuna population dynamics in 769 
their ecosystem. Progress in Oceanography 84:113-117. 770 
23 
 
Monk, J. 2013. How long should we ignore imperfect detection of species in the marine 771 
environment when modelling their distribution? Fish and Fisheries,1467–2979.  772 
Newbold, T. 2010. Applications and limitations of museum data for conservation and 773 
ecology, with particular attention to species distribution models. Progress in Physical 774 
Geography 34:3-22. 775 
Nielsen, J., N. Arrisabalaga, N. Fragoso, A. J. Hobday, M. Lutcavage, and J. Sibert. 2009. 776 
Tagging and Tracking of Marine Animals with Electronic Devices. Reviews: Methods 777 
and Technologies. Springer, Netherlands. 778 
Nye, J. A., J. S. Link, J. A. Hare, and W. J. Overholtz. 2009. Changing spatial distribution of 779 
fish stocks in relation to climate and population size on the Northeast United States 780 
continental shelf. Marine Ecology-Progress Series 393:111-129. 781 
Parmesan, C. 2006. Ecological and evolutionary responses to recent climate change. Annual 782 
Review of Ecology Evolution and Systematics 37:637-669. 783 
Patterson, T. A., K. Evans, T. I. Carter, and J. S. Gunn. 2008. Movement and behaviour of 784 
large southern bluefin tuna (Thunnus maccoyii) in the Australian region determined 785 
using pop-up satellite archival tags. Fisheries Oceanography 17:352-367. 786 
Perry, A. L., P. J. Low, J. R. Ellis, and J. D. Reynolds. 2005. Climate change and distribution 787 
shifts in marine fishes. Science 308:1912-1915. 788 
Phillips, S. J., R. P. Anderson, and R. E. Schapire. 2006. Maximum entropy modeling of 789 
species geographic distributions. Ecological Modelling 190:231-259. 790 
Poloczanska, E. S., C. J. Brown, W. J. Sydeman, W. Kiessling, D. S. Schoeman, P. Moore, K. 791 
Brander, J. F. Bruno, L. B. Buckley, M. T. Burrows, C. M. Duarte, B. S. Halpern, J. 792 
Holding, C. V. Kappel, M. I. O'Connor, J. M. Pandolfi, C. Parmesan, F. B. Schwing, 793 
S. Thompson, and A. J. Richardson. 2013. Global imprint of climate change on 794 
marine life. Nature Climate Change 3: 919-925 795 
Portner, H. O. and A. P. Farrell. 2008. Physiology and Climate Change. Science 322:690-692. 796 
Rahmstorf, S., A. Cazenave, J. A. Church, J. E. Hansen, R. F. Keeling, D. E. Parker, and R. C. 797 
J. Somerville. 2007. Recent climate observations compared to projections. Science 798 
316:709-709. 799 
Reygondeau, G., O. Maury, G. Beaugrand, J. M. Fromentin, A. Fonteneau, and P. Cury. 2012. 800 
Biogeography of tuna and billfish communities. Journal of Biogeography 39:114-129. 801 
Righton, D. A., K. H. Andersen, F. Neat, V. Thorsteinsson, P. Steingrund, H. Svedang, K. 802 
Michalsen, H. H. Hinrichsen, V. Bendall, S. Neuenfeldt, P. Wright, P. Jonsson, G. 803 
Huse, J. van der Kooij, H. Mosegaard, K. Hussy, and J. Metcalfe. 2010. Thermal 804 
niche of Atlantic cod Gadus morhua: limits, tolerance and optima. Marine Ecology-805 
Progress Series 420:1-13. 806 
Ridgway, K. R., Dunn, J. R, and Wilkin, J. L. 2002. Ocean interpolation by four-dimensional 807 
weighted least squares - application to the waters around Australasia. Journal of 808 
Atmospheric and Oceanic Technology 19, 1357–1375 809 
Ridgway, K. R. 2007. Long-term trend and decadal variability of the southward penetration 810 
of the East Australian Current. Geophysical Research Letters, 34,  L13613 811 
Robinson, L. M., J. Elith, A. J. Hobday, R. G. Pearson, B. E. Kendall, H. P. Possingham, and 812 
A. J. Richardson. 2011. Pushing the limits in marine species distribution modelling: 813 
lessons from the land present challenges and opportunities. Global Ecology and 814 
Biogeography 20:789-802. 815 
Schaefer, K. M., D. W. Fuller, and B. A. Block. 2009. Vertical Movements and Habitat 816 
Utilization of Skipjack (Katsuwonus pelamis), Yellowfin (Thunnus albacares), and 817 
Bigeye (Thunnus obesus) Tunas in the Equatorial Eastern Pacific Ocean, Ascertained 818 
Through Archival Tag Data. Pages 121-144 in J. L. Nielsen, H. Arrizabalaga, N. 819 
24 
 
Fragoso, A. Hobday, M. Lutcavage, and J. Sibert, editors. Tagging and Tracking of 820 
Marine Animals with Electronic Devices. 821 
Sepulveda, C. A., A. Knight, N. Nasby-Lucas, and M. L. Domeier. 2010. Fine-scale 822 
movements of the swordfish Xiphias gladius in the Southern California Bight. 823 
Fisheries Oceanography 19:279-289. 824 
Sippel, T. J., P. S. Davie, J. C. Holdsworth, and B. A. Block. 2007. Striped marlin 825 
(Tetrapturus audax) movements and habitat utilization during a summer and autumn 826 
in the Southwest Pacific Ocean. Fisheries Oceanography 16:459-472. 827 
Stevens, J. D., R. W. Bradford, and G. J. West. 2010. Satellite tagging of blue sharks 828 
(Prionace glauca) and other pelagic sharks off eastern Australia: depth behaviour, 829 
temperature experience and movements. Marine Biology 157:575-591. 830 
Stock, C. A., M. A. Alexander, N. A. Bond, K. M. Brander, W. W. L. Cheung, E. N. 831 
Curchitser, T. L. Delworth, J. P. Dunne, S. M. Griffies, M. A. Haltuch, J. A. Hare, A. 832 
B. Hollowed, P. Lehodey, S. A. Levin, J. S. Link, K. A. Rose, R. R. Rykaczewski, J. 833 
L. Sarmiento, R. J. Stouffer, F. B. Schwing, G. A. Vecchi, and F. E. Werner. 2011. 834 
On the use of IPCC-class models to assess the impact of climate on Living Marine 835 
Resources. Progress in Oceanography 88:1-27. 836 
Stramma, L., E. D. Prince, S. Schmidtko, J. G. Luo, J. P. Hoolihan, M. Visbeck, D. W. R. 837 
Wallace, P. Brandt, and A. Kortzinger. 2012. Expansion of oxygen minimum zones 838 
may reduce available habitat for tropical pelagic fishes. Nature Climate Change:33-37. 839 
Sumaila, U. R., W. W. L. Cheung, V. W. Y. Lam, D. Pauly, and S. Herrick. 2011. Climate 840 
change impacts on the biophysics and economics of world fisheries. Nature Climate 841 
Change 1:449-456. 842 
Sunday, J. M., A. E. Bates, and N. K. Dulvy. 2011. Global analysis of thermal tolerance and 843 
latitude in ectotherms. Proceedings of the Royal Society B-Biological Sciences 844 
278:1823-1830. 845 
Sunday, J. M., A. E. Bates, and N. K. Dulvy. 2012. Thermal tolerance and the global 846 
redistribution of animals. Nature Climate Change 2: 686-690 847 
Takahashi, M., H. Okamura, K. Yokawa, and M. Okazaki. 2003. Swimming behaviour and 848 
migration of a swordfish recorded by an archival tag. Marine and Freshwater 849 
Research 54:527-534. 850 
Tewksbury, J. J., R. B. Huey, and C. A. Deutsch. 2008. Climate Warming Puts the Heat on 851 
Tropical Ectotherms. Science 320:1296-1297. 852 
Thomas, C. D. 2010. Climate, climate change and range boundaries. Diversity and 853 
Distributions 16:488-495. 854 
Thuiller, W., L. Brotons, M. B. Araujo, and S. Lavorel. 2004. Effects of restricting 855 
environmental range of data to project current and future species distributions. 856 
Ecography 27:165-172. 857 
Viejo, R. M., B. Martinez, J. Arrontes, C. Astudillo, and L. Hernandez. 2011. Reproductive 858 
patterns in central and marginal populations of a large brown seaweed: drastic 859 
changes at the southern range limit. Ecography 34:75-84. 860 
Young, J. W., Lansdell, M. J., Campbell, R. A., Cooper, S. P., Juanes, F, and  Guest, M. A. 861 
2010. Feeding ecology and niche segregation in oceanic top predators off eastern 862 
Australia. Marine Biology 157, 2347–2368.  863 
Zuckerberg, B., A. M. Woods, and W. F. Porter. 2009. Poleward shifts in breeding bird 864 
distributions in New York State. Global Change Biology 15:1866-1883. 865 
 866 
 867 
868 
25 
 
Table 1. Fixed parameter values used in calculating depth integrated temperature and temperature suitability. The 869 
number of fish tagged (n), region and maximum time at liberty are listed. The published studies from which these 870 
parameters were calculated are also noted.  871 
Species  ws 0m ws 50m ws 100m ws 200m t_opts t_mins t_maxs n  region time  
blue 
shark 0.4
a 0.3 a 0.2 a 0.1 a 19 a 5 a 28 a 9a 
West Pacific 
(East coast 
Australia)a 
July 2004 -
August 2007a 
 mako 
shark 0.55
 a 0.3 a 0.1 a 0.05 a 20 a 9 a 28 a 1a 
West Pacific 
(East coast 
Australia) a 
July2005-
September 
2005a 
yellowfin 
tuna 0.5
 b 0.4 b 0.1 b 0b 26h 15i 31i 5 b East Pacific Ocean 
137 days in 
2006 (months 
not provided) b 
skipjack 
tuna 0.5
 b 0.45 b 0.05 b 0 b 24 j 15i 30i 5b East Pacific Ocean 
48 days in 
2004 (months 
not provided)b 
southern 
bluefin 
tuna 
0.4 c 0.3 c 0.2 c 0.1 c 18h 12 h 23 h 44c 
Southwest 
Pacific 
Oceanc 
July 2001- 
Feb 2006c 
albacore 
tuna 0.1
 d 0.1 d 0.5 d 0.3d 22k 10i 30 k 6d 
Central 
Pacific 
Oceand 
February-
March 2004d 
bigeye 
tuna 0
 e 0.25 e 0.35 e 0.4 e 24h 9h 29i 2e Central East Pacifice  
several weeks 
- before 1990 
(date not 
specified in 
publication)e 
Swordfish 0.1 f 0.4 f 0.4 f 0.1 f 24l 5m 30 l 9f East Pacific Oceanf 
July-
December 
2004-2006f 
striped 
marlin 0.8
 g 0.1 g 0.1 g 0 g 22n 14 n 29 n 5g 
Southwest 
Pacific 
Oceang 
Feb-July 
2003g 
a Stevens et al. (2010) b Schaefer et. al. (2009) c Patterson et al., (2008) d Domokos et al. (2007) e Holland et al. 872 
(1990) f Sepulveda et al. (2010) g Sippel et al., (2007) h Hobday per comm  iCollette & Nauen (1983)  jAndrade et 873 
al. (2003) k Domokos et al. (2007) l Sepulveda et al. (2010) m Takahashi et al. (2003) nSipple et al. (2007) 874 
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Figure 2 Shifts in the core habitats of pelagic species presented as multi-model means (± 1 891 
SD) projected by habitat suitability models (HSMs) and species distribution models (SDMs) 892 
in 2030 (open circles) and 2070 (closed circles) in summer (red) and winter (blue) at their (a, 893 
b) trailing edge; (c, d) centre and (e, f) leading edge based on the A2 scenario for each 894 
climate model. Mean projected shifts across all species at the trailing edge, leading edge and 895 
centre are also presented (black dashed lines). 896 
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 900 
Figure 3 Projected multi-model mean southern habitat shifts (km) from habitat suitability 901 
models (triangles) and species distribution models (circles) in relation to projected mean 902 
temperature change between projected baseline and future trailing edges (red), centres (blue) 903 
and leading edges (green) in (a) 2030 and (b) 2070 and in relation to projected latitudinal 904 
temperature gradients in (c) 2030 and (d) 2070. Note: correlations with distances-shifted-905 
south were grouped across HSMs and SDMs; and there is a difference in scale on y-axes. 906 
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